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ABSTRACT
Growing interest on bio-based material has led to focus on environmentally benign wood treatment 
systems because of the environmental concerns. Tall oil is a by-product from pulp and paper industry, 
contains resin and fatty acids, and is biodegradable. Tall oil treated wood can provide some reduction 
in water uptake and increase in decay resistance.  In this research crude tall oil was dissolved in ethanol 
at 5, 10 and 15 % concentrations in the treatment of Scots pine according to full cell process. Dyestuff, 
iron oxide and sodium ascorbate were used an additive as 0,5 %. Weathering performance of tall oil and 
tall oil combined with additives were investigated in accelerated weathering chamber by application 
of ultraviolet irradiation and water spray. It is taken for granted that increasing concentration results 
in higher weight percent gain in treated samples. The best results were obtained with 10 % tall oil and 
iron oxide which indicated minimum total color changes. Colour measurements and visual examination 
revealed that iron oxide was the most effective additive in reducing weathering effect and lowering the 
total colour change. 
Keywords: Colour, dyestuff, iron oxide, Scots pine, sodium ascorbate. 
INTRODUCTION
Wood can be treated with preservatives to improve decay and water resistance, photodegradation 
and fire retardance when expose to adverse conditions. Since wood in given situations is susceptible to 
fungal deterioration wood preservatives are used. Most wood protection systems rely on a toxic mode 
of action against biological deterioration, but these preservatives are hampered with some potential 
environmental concerns (Rowell 2006). 
There is growing interest on the non-biocidal treatments like wood modification, biodegradable 
substances and bio based materials in recent years since they are environmentally friendly process. Tall 
oil is known an environmentally friendly, biodegradable, can reduce water uptake (Van Eckeveld et al. 
2001) and the growth of fungi in wood (Paajanen and Ritschkoff 2002). It is obtained as a by-product 
from softwoods according to kraft process in the production of pulp. To production of purified crude 
tall oil (CTO) in the sulphate pulping process, tall oil soap is separated from the pulping liquor. Tall 
oil fatty acids, tall oil rosin, distilled tall oil, tall oil heads, and tall oil pitch are the refined products by 
fractional distillation of CTO (Ramanen 2014).
Koski (2008) described the problems to be solved with regard to wood protection with crude tall 
oil as follow; emulsion technique to reduce high amount of tall oil used in wood protection, using 
of iron catalysts to improve oxidation rate of crude tall oil and inhibition of the oil exudation from 
wood, improving the drying properties of the emulsion oil phase and retaining the high water-repellent 
efficiency. In a field trial, the performance of different tall oils were compared in three different above 
ground field tests for nine years and two in ground exposure trials for ten years. Tall oil having retention 
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at 200-250 kg/m3 delayed the decay when compared to control samples, but it did not perform as well 
as copper reference preservatives. It was proposed that tall oil should be used in combination with 
biocides in wood protection (Alfredsen and Flaete 2015). 
Hyvönen et al. (2007a) studied to enhance the drying properties of crude tall oil, and they 
emphasized that oxidation rate of tall oil could be improved by means of iron catalyst in order to 
prevent the oil exudation from wood. Furthermore, iron catalyst improved the properties of wood 
treated with tall oil emulsion in terms of drying and reduced water uptake (Hyvönen et al. 2007b). 
Can and Sivrikaya (2016) investigated the water repellent property of tall oil dissolved in different 
solvents such as ethanol, methanol, acetone and oil-in-water, resulting in almost equal efficiency for 
each formulation in Scots pine and fir sapwood.
Wood is susceptible to environmental degradation, when exposed to outdoor is subjected to Photo-
degradation by UV, leaching, hydrolysis and swelling by Water, discoloration and degradation by 
staining and decay micro-organisms. The decrease in hemicellulose, cellulose and lignin content of 
wood has been observed when wood exposed to outdoor conditions. (Cademartori et al. 2015, Saei 
et al. 2015). Surface of the exposed wood is affected by Physical and chemical changes caused by 
weathering. However, wood surface can be protected by paints, stains, or varnishes against weathering 
effect (Feist 1983).
The reason of failure of the organic coatings is photodegradation due to the UV exposure. Inorganic 
UV-absorbing materials can be applied for absorption or scattering light (Salla et al. 2012). 
Several inorganic UV absorbers has been used such as titanium dioxide, cerium dioxide or 
zinc oxide are used for improving wood surfaces against to UV radiation, water, mildew, fungus 
growth,stains and grease (Cristea et al. 2010).  Inorganic UV absorbers have received a great deal 
of attention in transparent wood coatings since they are UV blockers for the last decade (Aloui et al. 
2007). It is referred that iron oxide pigments have excellent durability, high inherent opacity, good UV-
screening properties, low toxicity and low cost (Kiguchi et al. 2007).
TiO2 nanoparticles are one of the metallic oxides, included in the coatings as UV absorber due to 
the their broad UV spectrum and photostabilization property (Fufa et al. 2013).
Zinc oxide is known a UV stabilizer and preservative component in wood coatings (Cristea et 
al. 2012,  Can and Sivrikaya 2014). Impregnation of wood with ZnO nano particles improved the 
weathering resistance of wood (Clausen et al. 2010). Auclair et al. (2011) reported that the mixture 
of inorganic and organic UV absorbers displayed synergistic effect with regard to glossiness of the 
coatings.  
The researches were conducted on tall oil treated wood were mostly regarding the decay resistance 
and water uptake in wood. Previous studies proved that tall oil increase decay resistance and reduce 
water uptake in wood.  The objective of this research was to investigate the accelerated weathering 
resistance of tall oil as such and tall oil in combination with additives dyestuff, iron oxide and sodium 
ascorbate in the protection of wood. 
MATERIALS AND METHODS
Treatment of wood samples
Wood samples were prepared from Scots pine sapwood (Pinus sylvestris), cut in to small sizes 
of 150x75x15 mm (LxRxT) as test material. Four replicate samples were used in whole experiments. 
Crude tall oil was obtained from OYKA pulp and paper factory running according to kraft process, 
located in Çaycuma district in Turkey. Tall oil was dissolved in ethanol at 5, 10 and 15 % concentrations. 
Tall oil solution mixed with some additives (0,5 %) such as red dyestuff (Red 119), iron oxide pigment 
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(red) having UV stability and Sodium ascorbate as an antioxidant. 0,5% additives is related to tall oil 
weight. Sodium ascorbate was dissolved in water and other additives in ethanol. Fe-oxide remained 
suspended in tall oil. The samples were treated in a chamber under vacuum 650 mmHg for 30 minutes 
followed by air pressure (6 bar) for 30 minutes according to full cell process.   
Weight percent gain (WPG) was calculated according to formula 1;
( ) ( )  %  /   100             t o oWPG W W W x − =  (1)
Where Wt is the oven dry weight of treated samples and Wo is the oven dry weight of untreated 
wood.
Accelerated weathering
Weathering performance was carried out in the accelerated weathering chamber (QUV Accelerated 
Weathering Tester, Q-Lab Corporation Westlake US), in which wood samples exposed to UV radiation 
for 8 hours with the intensity of 0, 75 W/m2, 15 minute for water spray, conditioning for 3,45 hours at 
the temperature of 50 °C for each cycle to 500 hours total exposure. The changes in colour (L,a,b) and 
glossiness were measured for 125, 250, 375 and 500 hours successively during the weathering process. 
 
Measurement of colour and glossiness
The samples were conditioned to 12% moisture content before color and gloss measurement. Colour 
measurement was performed with a Konica Minolta spectrophotometer (Osaka, Japan) by measuring 
L,a,b values on the samples. Four replicates samples were used for the colour measurements to evaluate 
the ΔL*, Δa*and Δb* as well as total colour change (ΔE*). The changes in colour coordinates (ΔL*, 
Δa*, Δb*) were determined by difference between the final and initial value. Three measurements were 
performed on each surface of four replicate samples.
Total colour change (ΔE*) was calculated according to equation below; 
(ΔE*) = [(Δa*)2 + (Δb*)2 + (ΔL*)2] 1/2              (2)
Measurement of contact angle
Contact angles of droplets on wooden surfaces were determined by Krüss G 10 contact angle 
measuring system, with software Krüss DSA 1. To the measurement of contact angle, a droplet of 
distilled (11 µl) water was applied for each sample and a video was recorded for 10 s (25 frames/sec). 
An application of the droplet was occurred during 10 s. To evaluate the videos, a circle was fitted to 
each droplet and automatically for each frame, and the angle was measured between the surface and the 
tangent to the circle at the point of intersection. 
RESULTS AND DISCUSSION
Weight percent gain (WPG)
The mean value of the weight percent gain of the treated samples is given in Table 1.
It is clearly shown in Table 1 that the higher concentration in tall oil led to more weight uptake. 
Table 1 indicates that tall oil (15 %) resulted in the highest WPG in all experiments, whereas tall oil 
5 % + red dye had the lowest WPG.  The weight uptake was higher in tall oil treatments alone (5, 10 
and 15 %) when compared to combination of this compound with additives. This might be attributed 
to the molecular size of additives. Previous report on the SEM images showed that the tall oil treated 
specimens well penetrated during the impregnation step (Lahtela and Karki 2014).
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Table 1. Weight percent gain (WPG) of the test samples.
Treatment* WPG (%)
TO 5 % 10,29 ± 0,34
TO 10 % 17,24 ± 0,70
TO 15 % 26,05 ± 0,45
TO 5 % + RD 4,80 ± 0,49
TO 10 % + RD 10,21 ± 0,33
TO 15 % + RD 14,61 ± 2,09
TO 5 % + IO 6,45 ± 0,20
TO 10 % + IO 7,39 ± 0,78
TO 15 % + IO 9,23 ± 0,40
TO 5 % + SA  6,92 ± 0,90
TO 10 % + SA 13,52 ± 0,78
TO 15 % + SA  15,01 ± 2,15
 *TO: Tall oil, RD: Red dye stuff, IO: Iron oxide, SA: Sodium ascorbate
Colour change
ΔL* was calculated from the difference in L values before and after accelerated weathering for 
each cycle (125 hours) throughout the experiments. The results are given in Figure 1.  
Untreated samples (Control) tended to be darkness since it was located below the axis in Figure 1. 
While the negative peak of control samples (-14,52) was great during the 125 hours irradiation, it was 
then stable for subsequent cycles. This explains that lightness was effectively decreased in 125 hours 
by UV light. The variation in lightness was attributed to wood moisture content and reflectance of light 
on the wood surface which was exposed to natural weathering (Pfeffer et al. 2012). The dark brown 
colour was indicated by Feist and Hon (1984) for 1000 hours UV light exposure, whereas from pale 
yellow to light brown after 500 h exposure.
The lightness increased in the tall oil treated samples with red dye at the concentrations of 5, 10 
and 15 %, reached up to value of 17, which indicated that lightness was not negatively affected by 
weathering due to the red hue. 
In the absence of additives, lightness slightly increased when the concentration of tall oil increased 
as shown in Figure 1. In the case of the addition of iron oxide pigment, the samples showed darkness 
for all cycles, but the level of darkness was less in the combination of 15 % of tall oil than 5 and 10 %. 
The change in ΔL* for 5 and 15 % of tall oil with sodium ascorbate (SA) was minor, but it was 
higher with 10 % of tall oil after 500 hours exposure. 
At the initial cycle of the weathering process (125 hours), Δa* values of the control samples tended 
to be increasing positively that implies the red hue, which was retained about same level as long as 
weathering process. However, the samples treated with 5 % tall oil and red dye decreased continuously 
in negative axis, made peak at -17,56 which revealed the green hue. The effect of sodium ascorbate as 
an additive on Δa* was minor, ranged from -0,5 to 1 at the last cycle. 
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Figure 1. Colour changes of wood samples exposed to accelerated weathering.
In Figure 1, Δb* values demonstrate the yellow hue which is on the x-axis and blue hue being under 
the x-axis. It was shown that first cycle of weathering increased the yellowness in the control samples, 
but following cycles receded the yellow hue. Yellowing or browning is the initial colour change of 
wood due to the sunlight exposition that finally results in graying in colour. These changes in colour 
can be related to the decomposition of lignin in the wood cell wall in the surface (Feist 1990). The blue 
hue prevailed in the samples treated with tall oil alone for all cycles, giving the highest value with 15 % 
concentrations (-13,79) for 500 hours. The adding of sodium ascorbate yielded results regarding blue 
hue, similar to tall oil treated samples except for 15 % tall oil at final cycle. 
Figure 1 presents that the remarkable total change in ΔE* was shown in untreated Scots pine 
(control) samples (19) after 125 hours weathering, whereas the highest change in colour were obtained 
by  the samples treated with 5 % tall oil with red dye for 375 hours (20,76) and 500 hours (24,81) 
respectively. Sharratt et al. (2009) performed a detailed experiment on the early colour change in 
Scots pine, reported that the majority of colour changes occurred within the first 24 h by accelerated 
weathering. In case of natural weathering of Scots pine, Pfeffer et al. (2012) indicated that rapid change 
in colour occurred during 6 months, because lignin strongly absorbs UV light (Baysal et al. 2014).
Total colour change was higher in the samples treated with 15 % tall oil alone than that of 5 and 10 
% for all cycles during the weathering process, however, this marked difference which was shown in the 
first cycle, then was lowered by further cycles during the process. This finding is supported by Figure 2, 
which demonstrates the heavy effect of UV radiation on the tall oil treated samples irrespective of the 
concentration. It was concluded from the colour measurement and visual findings (Figure 2) that tall 
oil treatment alone were not sufficient to show resistant against weathering.   
Lahtela and Karki (2014) observed the weathering behaviour of Scots pine treated with tall oil as 
well as other modifying agents in the test chamber  for 100, 200 and 300 hours respectively. The colour 
change (ΔE*) for tall oil treated samples was 12,1; 10,1 and 10,7 for the mentioned exposure times. 
These results were consistent with the colour change of 15 % of tall oil in our experiment in which the 
values were 10,97; 10 and 12,67 for the exposure of 125, 250 and 375 hours respectively. 
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The effect of weathering conditions on red dyestuff was greater than other additives iron oxide and 
sodium ascorbate, even control samples due to the high colour change occurred in the samples of tall 
oil combinations with dyestuff.  Although tall oil treated samples was absolutely coloured by red dye, 
it was not sufficient to stabilize the colour against weathering.   
The great color change of the samples treated Red 119 were due to the leaching of the colorant as 
it was water soluble. This means that colorant was washed out, thus could not protect the wood from 
photodegradation. The highest change in colour was observed on the samples treated with tall oil (5 %) 
and red dye, while the lowest change was achieved by tall oil treatment (10 %) with iron oxide. The 
significant finding in relation to colour change was that the better results were obtained by iron oxide 
additive and 10 % of tall oil for giving the lowest colour change. This finding reveals the compatibility 
of tall oil and iron oxide pigment against weathering. Fe-oxide, on the other hand, stains the wood dark 
and is probably insoluble in water. This might be the reason why the degree of color change is low, but 
this does not necessarily mean, that it photo-stabilizes the wood surface.
Four kinds of iron oxide pigments were compared by adding them into wood-fiber/high-density-
polyethylene composites (WF/HDPE) at three different concentrations. After 200 h accelerated 
weathering test, iron oxide red and black performed better than the other two pigments, the ratio of the 
pigments was found promising at 2,28 % (Zhang et al. 2010). 
When iron oxide was used as an additive in wood plastic composite (WPC), showed better 
performance indicating less colour change  against hygrothermal aging for 70 days in comparison to 
samples without pigment (Xu et al. 2015). Aloui et al. (2007) compared to performance of organic and 
inorganic UV absorbers in the photostabilisation of wood to seek possible synergies and the influences 
of different wood species. The colour change was higher with iron oxide than organic UV absorbers. 
Schauwecker et al. (2014) suggested that much higher levels of iron oxide are needed to prevent 
discoloration and limit lignin degradation that was resulted from their research which investigated the 
influence of iron oxides (1000 ppm) with different crystal shapes and particle sizes on the weathering 
characteristics of wood surfaces. In addition, red iron oxide treatments provided more protection against 
discoloration than similarly sized yellow iron oxides in their research. Besides, low concentrations of 
iron oxides even were promising to reduce lignin loss and discoloration according to previous results 
(Schauwecker 2010,  Schauwecker et al. 2013).
Tall oil treated samples did not resulted in satisfactory results in relation to colour change when 
oil accompanied with sodium ascorbate which should be studied at higher concentrations, moreover 
no research was conducted on weathering of wood treated with sodium ascorbate.  The mode of action 
of ascorbate might be that it is a radical scavenger and prevents oxidative decay of tall oil and wood. 
However, ascorbate is water soluble and is therefore washed out during the first spray cycle. It can thus 
execute its mode of action only during the first cycle of UV exposure. It was referred that metal ions 
provide light stability by creating free radicals when wood exposed to light (Yeniocak et al. 2015).
As a general result, the colour change increased linearly from beginning to following cycles in 
the samples showing poor weathering resistance. It means that these protective systems studied in the 
experiment could not prevent the lignin photodegradation on the samples. 
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Figure 2. Tall oil treated samples before and after 500 hours weathering.
Contact angle
Contact angle was measured for the samples before weathering and after exposed to weathering, 
and the results are given in Figure 3. 
As can be seen from Figure 3, there was clearly difference in contact angle values before (110°) 
and after weathering (74°) for untreated Scots pine. This can be attributed to the hydrophilic surface of 
the control samples because of the cellulosic rich fibers on the surface as a result of lignin degradation 
and application of water spray in weathering chamber, leading to increased wettability. According 
to Kalnins and Knaebe (1992) contact angles progressively decreased in western red cedar since the 
wettability increased during the 12 weeks of outdoor weathering, whereas it increased in the earlier 
times of weathering in southern pine but decreased afterwards. 
Figure 3. Contact angle values of the samples before and after weathering.
Besides, wetting cycle and constant temperature (50 °C) might promote the crack formation which 
decreases the contact angle on the wood surface. Because, the surface of tall oil treated Scots pine with 
SEM was also investigated by Lahtela and Karki (2014) and they demonstrated that the cracking on 
the surface was due to the weathering effect. The fiber swelling due to the wetting can be considered 
another factor for a reason of reduced contact angle for control samples of Scots pine. 
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After 500 h weathering, little increase was seen in contact angle for tall oil treatment at 10 and 
15 % concentration, whereas little decrease found at 5 % concentration. Contact angle was lower 
in untreated Scots pine than that of the samples treated with tall oil after weathering exposure. This 
difference might be attributed to the tall oil contents such as resin and fatty acids. 
It was interesting that the addition of red dye in to tall oil increased the contact angle even though 
weathering effect. Because, red dye has no hydrophobic character, and it was not found resistant to UV 
radiation, therefore leached out during the weathering process and probably led to increasing in contact 
angle.  
The additive of iron oxide resulted in lower contact angle after weathering in comparison to pre 
weathering although it was considerably resistant to UV light as shown in Figure 2 as well. Combination 
with sodium ascorbate as anti-oxidant had positive effect on the contact angle after 500 hours exposure. 
CONCLUSIONS
Present study indicated that tall oil treatment was not found resistant to weathering when used alone 
in wood. The surface of the tall oil treated samples was greatly bleached by UV radiation irrespective of 
the tall oil concentration. Tall oil treated samples must be combined with additives against weathering 
effect when it is used outdoor conditions.  Iron oxide was found to be effective in reducing the 
weathering effect, resulted in the lowest colour change, even though exhibited lower contact angle in 
weathered samples when compared to the samples before weathering. 10 % concentration of tall oil 
was found optimum in order to have low colour change. The results were promising for further studies 
that should be done with higher concentration of additives in combination with 10 % of tall oil in order 
to obtain biobased material for outdoor.  
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